Limits on the tensor couplings generating a Fierz interference term, b, in mixed Gamow-Teller Fermi decays can be derived by combining data from measurements of angular correlation parameters in neutron decay, the neutron lifetime, and GV = GFV ud as extracted from measurements of the Ft values from the 0 + → 0 + superallowed decays dataset. These limits are derived by comparing the neutron β-decay rate as predicted in the standard model with the measured decay rate while allowing for the existence of beyond the standard model couplings. We analyze limits derived from the electron-neutrino asymmetry, a, or the beta-asymmetry, A, finding that the most stringent limits for CT/CA under the assumption of no right-handed currents is −0.0026 < CT/CA < 0.0024 (95% C.L.) for the two most recent values of A.
I. INTRODUCTION
In the following we present an analysis of a "lifetimeconsistency test" for neutron beta-decay, from which we derive relevant limits for beyond the standard model physics, in particular for new scalar and tensor couplings. Our analysis utilizes high precision data from 0 + → 0 + decays and neutron decay and does not supplant more general fitting procedure to obtain limits from all betadecay data [1, 2] . We note, however, that our limits are comparable to those obtained from fits to the entire beta decay set when similar assumptions are made (no right-handed neutrinos). This brief report was inspired by comments in Bhattacharya et al. [3] and begun as a part of thesis research [4] ; however, we note that additional details have subsequently been published by Ivanov, Pitschmann, and Troitskaya [5] .
The general method compares the measured value of the neutron lifetime, whose current Particle Data Group (PDG) value is τ n = 880.1 ± 1.1 s, to a prediction of the neutron lifetime using the measured weak coupling strength from 0 + → 0 + and the value of the axialvector coupling constant, λ ≡ g A /g V , extracted from angular correlations measurements. Because this comparison requires the interpretation of specific angular correlations measurements to consistently extract limits, we analyze some specific cases of interest associated with the electron-neutrino correlation, a, and the betaasymmetry, A. We understand that this treatment is not exhaustive, nor should it supplant direct limits on the Fierz term in the neutron system, but it is intended to indicate the utility of these limits. * Electronic address : rwpattie@ncsu.edu
II. DERIVATION OF IMPACT OF THE FIERZ TERM ON THE NEUTRON DECAY RATE
β-decay can be represented, using all possible Lorentzinvariant couplings, by the Hamiltonian density
where σ λµ = −i/2(γ λ γ µ − γ µ γ λ ) and p, n, e, and ν represent the hadronic and leptonic fields [6] . The strength of each type of interaction in the lepton current is given by a coupling constant C i and C i where i ∈ {V, A, S, T, P } are the vector, axial-vector, scalar, tensor, and pseudoscalar interactions, respectively. In the scenario where |C i | =|C i |, parity is maximally violated, and in the standard model |C V | =|C V | and |C A | =|C A | and C S = C S = C T = C T = C P = C P = 0. These restrictions are experimentally determined, leaving the possibility for deviations below the current experimental precision. Limits on tensor couplings can be derived by noting that the decay rate for neutron β-decay can be written as (ignoring, at present, the possibility of a Fierz term )
where, under the conserved vector current hypothesis, G V = G F |V ud |, f n is the statistical rate function for the neutron defined as and where x and x 0 are the electron total energy and end-point energy in terms of the electron rest mass, and ∆ f is the Coulomb and recoil correction for the phase-space integral I 0 (x 0 ) = 1.6299. The standard model electroweak radiative corrections are denoted by ∆ RC = 3.90(8) × 10 −2 [7] . G F is the Fermi coupling constant as extracted from muon decay [8] , and V ud is the first element of the Cabibbo-Kobyashi-Maskawa (CKM) quark mixing matrix. One can also predict the neutron decay rate from 0 + → 0 + decays, by using the extracted value ofG V from the average Ft 0 + →0 + and λ from neutron angular correlation measurements, where if the Fierz term is zeroG
A non-zero Fierz term will alter the neutron decay rate, τ n , via a m e /E term in the phase-space integral and modify the value of G V extracted from superallowed Fermi decays tõ
where γ = 1 − (Zα) 2 , Z is the atomic number, α is the fine structure constant, andx 0 is the end point energy for the superallowed Fermi decay isotopes, and I 1 (x 0 )/I 0 (x 0 ) corresponds to the ratio of phase-space integrals over the superallowed decay used in the determination of V ud and b F = 2 Re (C S /C V ) [9] . For the moment we will ignore the changes in λ induced by b, this will be addressed in the following sections. In Table I , the 13 isotopes included in the determination of the average Ft are listed with the absolute uncertainty on the measurement and the statistical rate function and the ratio I 1 (x 0 )/I 0 (x 0 ) [9] . The reported values include both recoil and Coulomb corrections. Writing Eq. 2 and Eq. 5 in terms of G V , b F and b, we have
and
where
, and ζ = γκ ∼ 0.2560. In Eq. 7, the term (1 + κb) arises from the neutron phase-space integral when b = 0, and the (1+ ζb F ) term in Eq. 8 is from substitution of measured G V using Eq. 6. Taking the difference between the measured neutron decay rate and the decay rate predicted from 0 + → 0 + decays in terms of measured quantities gives
where all the constants have been combined into
we express Eq. 9 in terms of the measured vlue of the weak coupling constantG V using Eq. 6, and we are neglecting any affect on λ due to b. Critically, leading order differences in the predicted versus measured decay rates must come from scalar and tensor-induced couplings in the Fierz term, and any new physics which adjusts the value of G F and V ud affects both rates uniformly. Additionally, the impact of the scalar coupling determined in the superallowed decays is suppressed by ζ due to the much higher endpoint energy of these decays relative to neutron β-decay.
Under of the assumptions of this analysis the Fierz inference term in neutron β-decay can be approximated in terms of the scalar C S /C V and tensor
At this point, we already have a reasonably strong constraint on new physics by using Eq. 9, Eq. 10, and the
where δb = 1 + 2(C S /C V )κ . Using the PDG values for λ = −1.2701(25), τ n = 880.1(1.1) s, and V ud = 0.97425(40) [11] and limits on scalar couplings, C S /C V = 0.0011 (13) , from the superallowed dataset [9] , one can place a limit on the tensor coupling. This results in 2-σ (95% C.L.) limits of −0.0009 < C T /C A < 0.0125. Note that if only the Perkeo II result for λ = −1.2739(19) [12] is used, then limits shift to −0.0012 < C T /C A < 0.0065.
III. b DEPENDENCE OF λ
The limits obtained from Eq. 11 have ignored the fact that λ is determined experimentally by measuring correlation coefficients, which typically are modified by the existence of a Fierz term as in
where X m (E e ) ∈ {a, A, B, ...} is the measured value of coefficient as a function of electron energy. For this analysis we will focus on a and A since closed form expressions can be obtained for limits on tensor couplings and they have the highest sensitivity to λ. The method used to extract the correlation coefficient and the energy range of the analysis will impact the sensitivity to b, as will be shown explicitly in the case of a. Note: we are also explicitly ignoring imaginary couplings and the affect of tensor and scalar couplings on the angular correlations a and A, which are second order in C S and C T . A. λ derived from the measured β-asymmetry parameter, Am
Single parameter fits to the energy dependence of the β-asymmetry will modify the measured quantity by A 0 /(1+b I 1 (x 1 , x 2 )/I 0 (x 1 , x 2 ) ), where x 1 and x 2 are the limits of the energy range used in analysis. Table II shows the ratio of the phase-space integrals over the reported analysis energy range for several of the experiments that measure the asymmetry and would be subject to the type of dilution analyzed here. The leading order expression of A o (where one has already corrected the measured asymmetry for small radiative and recoil order corrections [6] ) in terms of λ is
which, combined with Eq. 10, Eq. 12, and Eq. 11, gives an relation for C T /C A in terms of purely measured quantities
In Eq. 14, we have made the following substitutions C x = C x γ + 1, y = (δb/κ) − 2ζ(C S /C V ), and h = (τ n K) −1 − γκ − y. We assume here that the BSM scalar and tensor couplings make negligible contributions to the radiative and recoil-order corrections. For BSM couplings at the ≈ 0.01 level, this should certainly be true, as can be seen by inspecting radiative corrections, which are precisely defined in references [13] [14] [15] . Eq. 14 can be solved in closed form, producing three roots, two of which predict large values of C T /C A and are ruled out by current experimental limits (see Appendix A). The remaining solution gives a 2-σ limit on the tensor coupling of −0.0015 < C T /C A < 0.0079, using the PDG values for the measured parameters.
The PDG value of λ includes the result of Mostovoi et al [16] , which is determined by simultaneous measurement of the β-asymmetry, A, and the neutrino asymmetry, B, and is therefore not consistent with the approach presented here. Careful analysis of a simultaneous experiment would be required to determine the impact a non-zero Fierz term would have on the extracted λ. Using the results from Perkeo II [12] and UCNA [17] , A m = −0.11931(46), we then obtain −0.0026 < C T /C A < 0.0024 (95% C.L.). Note that the 30% reduction in the limit is due in large part to the increased error bar on A 0 used by the PDG to account for the variations in the current measurements; including this factor would increase the limit to 2σ = 0.0039. Future prospects for reducing this limit via increasing the precision of A m are shown in Figure 1 , where we see that next generation experiments will reduce the uncertainty on A m to the point where δτ n becomes the leading contribution to this limit.
B. λ derived from the electron-neutrino correlation parameter a0
Measurements of the electron-neutrino correlation parameter a 0 are being proposed and carried out at both cold and ultracold neutron facilities world wide with the aim of significantly improving the current precision of 3.9% to < 0.1% [21] [22] [23] . Determining the a coefficient can be performed by directly measuring the angular distribution of emitted electron and proton in coincidence, in which case the a 0 /(1 + bm e /E e ) scaling can apply (directional method), or via a measurement of the proton energy spectrum. Directly fitting the proton spectrum or using discrete points from the spectrum (spectral fit method) as in Stratowa et al [24] will result in a m = a 0 + x f b, where x f ∼ 0.09 as determined by Monte Carlo. An alternate method of analyzing proton spectral data is an integral analysis, which has the advantage of being much less sensitive to the presence of a Fierz term, as presented in [25] .In such analysis one compares the integral rate over a fixed energy range to the total decay rate. This results in a linear scaling of the form
where a m = −0.103(4) is the measured value of the correlation coefficient and x I ∼ 0.008 from [25] , which was confirmed by this analysis using Monte Carlo. Using Eq. 10, Eq. 11, and the two expressions for the measured coefficient including a Fierz term, we can find a solution for C T /C A in terms of measurement quantities
where we have made use of the substitutions defined in the previous section. This approach is more straightforward due to the fact that, unlike A, there are no terms which are linear in λ in Eq. 15. Using the current PDG value for a 0 = −0.1030(40) (extracted using the spectral fit method, x f = 0.09) we find limits of
While this limit is not currently competitive with those obtained through measurements of the β-asymmetry, Figure 1 shows that determining a from angular distributions is more sensitive than the spectral fit method to tensor couplings, and the next generation experiments should improve upon current limits set by A 0 . (For example, a measurement such as Nab [21] , aiming for a precision of ∆a/a 10 −3 , could set constraints of |C T /C A | < 0.0015 with the current uncertainty in the lifetime. ) We also note that the differing sensitivities to the Fierz term afforded by the integral proton spectrum analysis and directional distribution measurements afford an alternate method to extract limits on the Fierz term.
IV. CONCLUSION
In this analysis we have presented a self-consistent derivation of limits to tensor couplings in the weak interaction, using experimentally measured quantities from neutron β-decay and 0 + → 0 + superallowed Fermi decays. By calculating the difference of the measured and predicted neutron β-decay rate, we are able to derive a limit to the tensor coupling −0.0026 < C T /C A < 0.0024, under the assumption of maximal parity violation and no right handed neutrinos, where C X = C X . Noting that a non-zero Fierz term would modify the experimentally reported value of λ, we have shown that the measured correlation coefficients a m and A m can be used to set limits on the tensor couplings that are competitive with those obtained from global fits to the available data [2] . If the precision of A or a reaches the 0.1% level, then the accuracy of the neutron lifetime becomes the leading contribution to the derived limits.
These results can be used to set constraints on the effective couplings from Bhattacharya et al [3] , where the Current limits on a are taken from the PDG2012 [11] , and future limits denote the proposed sensitivity of experiments such as Nab [21] (directional method), aCORN [23] (directional method), and aSPECT [22] (fit method). For this analysis we consider the β-asymmetry from UCNA [17] and Perkeo II [12] , and the proposed limits are from the PERC experiment [26] .
tensor coupling is given as
where R(L) represent the effective right and left handed couplings and both are zero in the SM. In general, this directly leads to a limit of −5.8 × 10 −4 < g T T /(g A (1 + L − R ) < 6.4 × 10 −4 . However, under the assumption that BSM physics arises from tensor couplings then R = L = 0, and this simplifies to a limit on g T T /g A .
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Appendix: Solutions for C T /C A (Am)
The roots obtained from solving Eq. 14 are both of which predict large central values for the tensor coupling that are > 25σ from zero and can therefore be neglected as unphysical.
